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Abstract 
 
Mesoscale Identification of Beta Phases in Aluminum Magnesium Alloys 
 
Jasmine M. George 
 
 
 Aluminum-magnesium alloys are known for their good weldability, high specific heat, 
and excellent corrosion resistance, making them a suitable material for naval welded structures. 
When exposed to elevated temperatures for prolonged periods of time and operating under a 
corrosive environment such as sea water, the material becomes sensitized to intergranular 
corrosion and stress corrosion cracking. Sensitization occurs when magnesium precipitates out of 
the matrix material at the grain boundaries, forming a precipitate that is susceptible to corrosion. 
Of particular interest in the alloy precipitation behavior is greater understanding of the formation 
and characterization of the constituent phases, β' and β. To create a clear delineation between the 
two precipitates and to provide further characterization, nanoindentation and etching studies were 
performed on samples that underwent different sensitization treatments. These mesoscale 
techniques allow for the identification of key phases in sensitized alloys, thus providing a less 
invasive means of stress-corrosion cracking prevention. Although neither nanoindentation nor 
etching studies created a clear delineation between the two β precipitates, etching studies did 
show interesting results that with continued work may lead to further characterization and 
understanding of these precipitates. With the phosphoric acid etchant, the HAGB etched in the 
LTA sample but there were no β precipitates located along the boundary, possibly due to gallium 
from FIB. In the HTA sample, the HAGB was unetched but β precipitates were seen along the 
boundary. In an attempt to directly visualize and differentiate between β precipitates under SEM, 
samples were etched with ammonium persulfate in dissolved water. However, grain boundaries 
and precipitates remained unetched, resulting in no direct visualization under SEM. Due to the 
contradiction of these results with those shown in literature, these etchants warrant further study.
1 
 
Chapter 1: Introduction 
 
 Aluminum alloys are extremely commonplace in society. This is primarily due to 
extreme abundance in the earth’s crust, which has resulted in aluminum and its alloys enjoying 
widespread applications throughout the world, from everyday household usage such as aluminum 
foil up to specialized usage in marine and construction industries
1, 2
. The primary advantage of 
using aluminum alloys in the shipbuilding industry is due to weight savings. With a typical 
density of 2.70 g/cm
3
, aluminum alloys provide a lighter building material alternative to the steel-
based metals, with a typical density of 7.87 g/cm
3
, typically used on naval ships. The use of 
aluminum can reduce ship weight by up to 22%, allowing for a lighter ship with increased 
mobility and fuel efficiency
3
. As a result, aluminum ships have become a growing trend in the 
ship design industry, particularly with the United States government, whose Littoral Combat Ship 
(LCS) program, has invested billions of dollars towards such projects
4
. An LCS is shown in 
Figure 1.  
 
 
Figure 1: A Littoral Combat Ship (LCS) 5  
2 
 
One of the most prominent aluminum alloys used in naval designs is the AA5xxx series, 
with the AA denoting an aluminum alloy and the 5xxx denoting that magnesium is the principal 
alloying element in this alloy series. In particular, the AA5xxx series alloys are known for their 
good welding characteristics, high strength, and excellent corrosion resistance, making them a 
suitable material for naval welded structures such as hulls and bulkheads
6
. The AA5xxx alloy 
series are generally referred to as non-heat treatable aluminum alloys
7
. The strength in aluminum-
magnesium (Al-Mg) alloys is attributed to solid solution strengthening, work hardening, and/or 
dispersion hardening
8
. As shown in Figure 2, with the addition of small amounts of magnesium to 
aluminum, there is a reduction in tensile elongation and increase in yield strength of the resulting 
alloy
6
. 
 
 
 
 
 
 
 
 
 
 Figure 2: Correlation between tensile strength, elongation, and magnesium content for some 
commercial Al-Mg alloys6 
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In heat treatable alloys such as the AA6xxx series, strength is attributed to thermal heat 
treatments for precipitation hardening. Though the AA5xxxx series is less strong, it is two-three 
times more corrosion resistant than the AA6xxx series. Although there is a difference in how 
strength is achieved, the AA5xxx series should be identified as heat treatable to some extent as 
they form several distinct precipitate phases. Typically, when the magnesium content exceeds 7 
wt. %, these alloys become heat treatable
9-13
. Alloy chemistry and thermal processing conditions 
highly influence which type of precipitate phase forms. 
Aside from a compositional range of 1-5 wt. % magnesium, the AA5xxx series contains 
other alloying elements. Chromium and/or manganese, and less commonly zirconium, are added 
to provide grain refinement by controlling the grain structure as well as controlling the existence 
of iron and silicon, which persist as impurities and form undesirable intermetallic particles
6
. Two 
particular Al-Mg alloys are commonly used in naval ships: AA5083 and AA5456. The primary 
difference between the alloys is the magnesium content, with AA5456 being the stronger alloy as 
it contains more magnesium, 4.7-5.5 wt. %, whereas AA5083 contains 4.0-4.9 wt. %. This project 
is focused specifically on the alloy AA5456, in the H116 tempered condition, as this temper is 
used primarily for ship hulls. The H116 temper refers to the strain hardened condition without a 
post heat treatment, with a strain between an eighth and a quarter hard; in this case, specifically 
12% strain
14
. The purpose of the final strain process is to ensure the strength property limits are 
met according to customer specifications
14
. The composition of AA5456-H116 is listed in Table 
1, with the minimum properties required by the H116 temper listed in Table 2. 
 
Table 1: Chemical Composition of AA5456 
Element Si Fe Cu Mn Mg Cr Zn Ti Al 
Wt% 0.25 0.40 0.10 .05-1.0 4.7-5.5 .05-.20 0.25 0.20 Bal. 
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Table 2: H116 Temper Properties 
Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) 
305 215 12 
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Chapter 2: Literature Review 
 
Chapter 2.1: The Aluminum-Magnesium Binary Phase Diagram 
As shown in Figure 3, the binary Al-Mg phase diagram displays the compositions over 
which specific equilibrium phases exist as a function of temperature in AA5xxx series alloys
15
. 
 
 
Figure 3: Al-Mg Binary Phase Diagram. The downward arrow in the phase diagram represents the magnesium 
concentration in commercial alloys such as AA5456.15 
 
In the production of most AA5xxxx series alloys, magnesium is kept in supersaturated 
solid solution (SSSS); therefore, a greater content of magnesium is present in solution in the alloy 
6 
 
than thermodynamically stable at service temperatures
5
. According to the phase diagram, the 
maximum solubility of magnesium in aluminum is approximately 17 wt. % and occurs at 450
o
C. 
The downward arrow in the phase diagram represents the magnesium concentration in 
commercial alloys, such as AA5456.  
Under the full range of compositions, five equilibrium solid phases exist: an Al solid 
solution, the β intermetallic compound, the line compound R, the compound γ, and an Mg solid 
solution
15
. The β phase composition range is quite small, 36 through 38 wt. % Mg, between 0 and 
450
oC.  The stoichiometry of the β intermetallic compound is Al3Mg2. The line compound R 
contains 39 wt. % Mg and is stable between 320 and 370
oC. The composition of γ, Al12Mg17, 
ranges from 42 to 58 wt. % Mg at 450
o
C and becomes narrower with decreasing temperature. 
Aside from the equilibrium phases, it is important to note the slope of the solvus line, separating 
the α-Al phase region and the two-phase Al-Mg region, as the positive curvature indicates an 
alloy system capable of undergoing precipitation events
16
. 
Chapter 2.2: Theory of Aluminum-Magnesium Precipitate Formation  
 Many research studies examining the precipitation behavior of Al-Mg alloys are 
particularly intrigued by how precipitate phases nucleate and grow from a supersaturated solid 
solution.  
Chapter 2.2.1: Precipitation Sequence 
 Equation 1 shows the first proposed possible decomposition sequence of an Al-
Mg supersaturated solid solution
17
:  
                                  α Supersaturated Solid Solution (SSSα) → β' →β                   (1) 
7 
 
The Al-Mg alloy is heated and held in the single-phase supersaturated solid solution for a 
set time period and then cooled. Kelly et al. proposed that two precipitate phases form: the 
intermediate β' phase and the equilibrium β phase 17. Though similar in composition, these phases 
vary in crystal structure.  Following the work of Pollard, the precipitation sequence was modified 
to include the formation of Guinier-Preston zones (GP zones), which is a very fine nanoscale 
meta-stable phase where solute atoms begin to precipitate out of solution 
18 
:  
                                                 (SSSα) → GP zones → β' →β                                         (2) 
Equation 2 is the result of tensile testing that discovered the possibility of reverting 
tensile properties to the as-quenched state by applying heat treatment above 50
o
C to the naturally 
aged alloy
18
. The formation of GP zones, which occurs during natural aging, has the effect of 
improving tensile properties. However, applying an aging treatment above 50
o
C to an alloy in the 
naturally aged condition results in the dissolution of GP zones and allows for the reversion of 
tensile properties.  
Komarova et al. reported the formation of a second type of GP zone due to natural aging 
after an extended period of time. The formation of the metastable GP2 zone precipitates, known 
as β" phase, were observed using transmission electron microscopy (TEM) characterization 
techniques
19. The transformation of GP zones into β" phase agreed with work performed by 
Osamura and Ogura. Through their work on a differential scanning calorimetry (DSC), Osamura 
and Ogura viewed two endothermic peaks in an Al-Mg alloy that was aged at room temperature 
for a prolonged period of time
20
. Figure 4 provides evidence of the existence of a dual structure 
composed of two metastable phases. 
 
8 
 
 
Figure 4: Existence of a dual phase structure during natural aging via DSC thermograph20 
 
Due to this conclusion, the precipitation sequence was modified to its current state
20
:  
                                           (SSSα) → GP zones → β"→ β' → β                                      (3) 
Chapter 2.3: Heterogeneous vs. Homogeneous Nucleation 
  
After recognizing the existence of distinct precipitate phases, researchers have become 
interested with describing the theory governing these precipitation events. Homogeneous 
nucleation occurs during GP zones formation, while heterogeneous nucleation occurs for β", β', 
and β phase precipitation21. Homogeneous nucleation results from quenching the supersaturated 
solid solution at a high rate. The presence of quenched in vacancies allows for homogeneous 
9 
 
nucleation to occur
22-24
.The formation of many small size scale, few nanometer, GP zones is 
typically associated with homogeneous nucleation.  
Research conducted by Kurtasova et al. determined that at temperatures above 100
o
C, the 
β' phase and β phase can precipitate directly from the aluminum matrix due to diffusion25.  
Compared to GP zones, the β' phase precipitates at higher temperatures and with extended 
annealing time due to its large unit cell
26, 27. Precipitation of β' and β phase occurs via 
heterogeneous nucleation on non-equilibrium defects such as triple points, grain boundaries, and 
excess vacancies
24, 28, 29
. These defects serve as preferential sites for precipitation due to adequate 
availability of dislocations to accommodate the β' phase30, 31. Magnesium is gradually depleted 
from areas near the grain boundary as the β' phase precipitates coarsen, and it becomes 
increasingly difficult for continued precipitate growth due to the diffusion distance magnesium 
must travel from bulk to the grain boundaries
25, 32
. As a result of lower magnesium concentration 
and increased misfit between the β' phase and matrix, the transformation of β' phase to β phase 
becomes favorable
33
.  
Chapter 2.4: Time and Temperature Dependence on Precipitation 
 
The composition of precipitates in areas around the grain boundaries are influenced by 
heat treatment time and temperature. Due to the formation of GP zones and metastable phases at 
low temperatures, it is believed that a low temperature heat treatment results in a more varied 
composition of precipitates along the grain boundaries
33
. At temperatures above 100
o
C, increased 
diffusion leads to an increased precipitation rate. Above 200
oC, β phase formation occurs 
throughout the structure. As previously mentioned, the precipitation process is certainly 
accelerated due to the presence of high diffusivity paths, like dislocations, however, at higher 
temperatures, dislocations may be recovered and the precipitation rate may be reduced
34
.  
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Chapter 2.5: The Constituent Phases Structure and Morphology in Aluminum-
Magnesium Alloys 
 
Many researchers have studied the constituent phases formed in Al-Mg alloys in order to 
attempt identifying and characterizing their crystallographic orientation and phase transformation 
kinetics.  
Chapter 2.5.1: The Guinier-Preston Zones 
 
Formation of GP zones occurs at low temperatures and is a diffusion-based process. After 
quenching and/or ageing at low temperatures such as room temperature, GP zones will appear. 
The development of GP zones involves moving solute atoms from the matrix into clusters at 
solute-rich zones. Given the slow rate of diffusion resulting from low temperatures, the 
movement of solute atoms is facilitated by the existence of vacancies. Thus, GP zone formation is 
furthered by rapid quenching, as the process increases the number of nucleation sites and 
quenched-in vacancies
35
.   
Chapter 2.5.2: β" Phase 
 
GP zones transform into β" phase particles after an extended ageing time8. Known as 
ordered GP zones, β" precipitates range in size from eight to ten nanometers and possess an L12 
type crystal structure, as confirmed by transmission electron microscopy and diffraction 
analysis
36
.  Figure 5 is a diffraction pattern that depicts the differences between the superlattice 
reflections of the β" phase and the fundamental reflections of the aluminum matrix36. 
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Figure 5: Diffraction pattern about the [001] zone axis of an Al-Mg alloy containing β" phase36 
 
The work of Gault et al.
36
 corroborated the work of Osamura et al.
8
, in that the β" phase is 
coherent with the aluminum matrix.  
Chapter 2.5.3: β' Phase 
 
The β' phase is a metastable phase with a hexagonal close-packed (HCP) crystal structure 
and lattice parameters equal to a=1.002 nm and c=1.636 nm
8
. These precipitates are semi-
coherent in nature. Depending on ageing heat treatment and composition, the size of β' 
precipitates varies from 10 nm up to 300 nm
8. However, the formation of β' is a debatable topic as 
there are some dissimilarities in literature. Some authors claim that β' particles nucleate on 
structural defects such as dislocations, subgrain boundaries, and vacancy voids/loops
17
. However, 
Starink and Zahra affirmed there is no evidence of β' phase formation on structural defects, 
though an abundant presence of dislocation loops were observed
12. It is well established that β' 
particles initially appear in a globular shape, transform into thin needles, and then into particles of 
Superlattice reflections 
Matrix 
12 
 
the equilibrium β phase after a prolonged ageing time12. Also, there is general agreement on the 
temperature range for β' formation, between 100 and 200oC 37. During ageing at 150 and 200oC, 
the β' phase appears in a Widmannstätten morphology structure as evidenced in Figure 612.  
 
 
Figure 6: Widmannstätten structure of an Al -12% Mg alloy aged at 150oC for 50h12 
 
 
 
The β' phase has a definite thermal stability and will not form during ageing treatments 
occurring at temperatures above 250
o
C 
37
. Hamana et al. concluded that during isothermal ageing 
at 150
oC, the intermediate β' phase appears and remains stable for a prolonged ageing time to 
eventually transform completely into β equilibrium phase12. 
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Chapter 2.5.4: β Phase 
 
The β phase is the only stable phase from the precipitation sequence and has a complex 
face-centered cubic (FCC) crystal structure with lattice parameter a = 2.824 nm. These 
precipitates are incoherent with the matrix and range in size from a few nanometers to 250 nm. It 
is well known that β phase formation occurs during later stages of ageing, beginning at triple 
points and later at grain boundaries. When β precipitation occurs on the grain boundaries, 
allotriomorphs, also known as discrete particles, are formed. These isolated islands grow and 
amalgamate to provide continuous β coverage of the grain boundary. During aging, β' particles 
transform into β during aging, though this claim is debatable 3,12,13,37. Figure 7 illustrates the 
morphology difference between β' and β precipitates11. 
 
Figure 7: Difference in morphology between β' and β precipitates illustrated by transmission electron 
micrograph11 
14 
 
Goswami et al. observed a complex ribbon-like, semi continuous morphology for aging 
between 1 to 240 hours. By 240 hours, β precipitates formed a continuous film on the grain 
boundaries
38
. 
  
15 
 
Chapter 3: Issue – Corrosion Mechanism in Aluminum Magnesium Alloys 
 
Generally, aluminum shows good corrosion resistance in marine environments because of 
the formation of a protective aluminum oxide film on the material surface. However, in AA5xxx 
series alloys which contain a supersaturated amount of magnesium, sensitization occurs, resulting 
in the formation of the β' and β phase, which are susceptible to corrosion.  
Chapter 3.1: Thermodynamics of Al and Mg in Aqueous Environments 
 
The few nanometer thick aluminum oxide surface layer is corrosion-resistant and if 
damaged can reform nearly instantaneously in many environments
39
.  Material composition, 
crystal structure, degree of noncrystallinity of the oxide, as well as the presence and distribution 
of microdefects and macrodefects influence oxide structure
40
. 
 In acidic environments, aluminum generally dissolves as Al
3+
 ions and in alkaline 
environments as AlO3
-
, as shown in Figure 8
41
.   
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Figure 8: Potential-pH equilibrium diagram for aluminum-water at room temperature41 
 
 
Beyond the range of passivation, aluminum corrodes to produce Al
3+
 and Al(OH)
4-
 ions 
as a result of the solubility of its oxides in several acids and bases. The main reactions that occur 
with respect to corrosion are as follows
5
:  
𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛: 𝐴𝑙 → 𝐴𝑙3+ + 3𝑒− 
𝑃𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛: 2𝐴𝑙 + 3𝐻2𝑂 →  𝐴𝑙2𝑂3 + 6𝐻
+  + 3𝑒− 
𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑥𝑖𝑑𝑒 𝑖𝑛 𝑎𝑐𝑖𝑑: 𝐴𝑙2𝑂3 + 6𝐻
+ → 2𝐴𝑙3+ +  3𝐻2𝑂  
𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑥𝑖𝑑𝑒 𝑖𝑛 𝑏𝑎𝑠𝑒: 𝐴𝑙2𝑂3 +  3𝐻2𝑂 + 2𝑂𝐻
− → 2𝐴𝑙(𝑂𝐻4−) 
𝐶𝑎𝑡ℎ𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝑂2 +  𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻− 
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Magnesium typically dissolves as Mg
2+
 in all environments, except alkaline media. In 
alkaline environments magnesium exists in the form of Mg(OH)2 as shown in Figure 9
41
.  
 
 
Figure 9: Potential-pH equilibrium diagram for magnesium-water at room temperature41 
 
 
 
Comparison of Figures 8 and 9 reveals
5
:  
1. At low pH levels (approximately 4), both aluminum and magnesium dissolve.  
2. At neutral pH levels, aluminum oxide is stable whereas magnesium dissolves as 
Mg
2+
. 
3. At high pH levels (greater than 10.5), aluminum is dissolving as AlO3
-
, whereas 
magnesium in the form of Mg(OH)2 is stable. 
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Chapter 3.2: Sensitization 
 
Sensitization in aluminum alloys is a process where magnesium precipitates out of the 
bulk material and to the grain boundaries, forming a precipitate that is susceptible to corrosion. 
The process is illustrated in Figure 10.  
 
 
Figure 10: Magnesium (red circles) diffuse and form compounds along grain boundaries5 
 
 
It is well-documented that alloys with a 3.5 wt.% to 5 wt.% magnesium content become 
susceptible to the formation of a magnesium-rich β intermetallic phase at grain boundaries7. 
Compared to the 5456 aluminum matrix with a potential of -0.73 V (SCE), the β intermetallic 
phase is more active with a corrosion potential of -1.29 V (SCE). Therefore, in a corrosive 
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environment, the β phase is preferentially attacked resulting in anodic dissolution of β phase from 
the grain boundaries, which is detrimental for the material as it is being designed to be corrosion 
resistant 
42-44
.  
Chapter 3.3: Pitting and Galvanic Corrosion 
 
Pitting corrosion is a type of localized corrosion in which cavities or “holes” form on the 
material surface. Since it is challenging to detect, predict, and design against, pitting is deemed 
more detrimental than general corrosion. It is possible for an entire structural system to fail as a 
result of a small pit with minimal metal loss
5
.  Usually, the process of pitting occurs with local 
dissolution of anode, where the corrosion of metal with lower electrochemical potential is 
augmented due to the presence of a relatively large cathode
40, 45
.  Figure 11 depicts the 
mechanism of pitting corrosion
46
. 
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Figure 11: Corrosion Mechanism of Aluminum in Aqueous Environment46 
 
 
 As a result of localized rupturing of the passive film, localized corrosion of the metal 
occurs. Following the localized corrosion is an increase in the local concentration of dissolved 
species, primarily metal ions and chloride ions responsible for maintaining charge neutrality. The 
aluminum matrix makes up the interior of the pit and acts as a net anode. Dissolved aluminum 
and oxide thin films make up the exterior of the pit. Inside the pit, as the dissolution of anode is 
occurring, hydrolysis of Al
3+
 decreases pH and promotes further dissolution of aluminum. 
Corrosion is facilitated by the increase of ion conductivity in the localized region. Hydrolysis 
reactions are promoted by the presence of metal ions and chloride ions involved in pit formation. 
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These reactions lead to the production of hydrochloric acid which accelerates pitting growth
47,48
.  
Pitting in failed in-service material is shown in Figure 12. 
 
 
 
Figure 12: Pitting observed in a section of spray rail. This plate was in service for less than eight months. 49 
 
 
 Studies have shown that pitting corrosion becomes more critical when galvanic coupling 
between intermetallic particles and the aluminum matrix lead to the formation of localized 
galvanic cells
40, 50, 51
. The potential difference between intermetallic particles and the aluminum 
matrix heavily influences the mechanism of galvanic corrosion
40
. Corrosion potentials of several 
intermetallic particles seen in aluminum alloys and of other pure metals in sodium chloride 
solutions are summarized in Table 3
52
. 
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Table 3: Corrosion Potentials of Several Intermetallic Particles in Aluminum Alloys and Pure Metals52 
 
 
Intermetallic particles possessing a higher electrochemical potential than the matrix act as 
cathodes and promote dissolving of the surrounding matrix 
47, 52-55
.  Compared to the matrix, those 
intermetallic particles possessing a lower electrochemical potential, like Al3Mg2, act as anodes 
and go through dissolution
54-58
.  When intermetallic particles with lower electrochemical potential 
than the matrix are present at grain boundaries, their anodic dissolution leads to intergranular 
corrosion.  
Chapter 3.4: Intergranular Corrosion 
 
Chapter 3.4.1: Description of Intergranular Corrosion 
 
Intergranular corrosion (IGC), usually seen in cast and wrought structures, is a type of 
selective attack of the grain boundaries of crystalline materials. Compared to the interior of the 
grains, the grain boundaries are more susceptible to corrosive environments
39
. In AA5xxx series 
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alloys, β phase precipitates create a semi-continuous/continuous film along the grain boundary 
planes upon ageing
59
. Given that the open circuit potential (OCP) of the precipitates is more 
active than the Al-Mg solid solution, the film undergoes anodic dissolution
59
. Compared to 
pitting, IGC is often considered more detrimental in the presence of stresses as it can lead to 
stress corrosion cracking (SCC) 
60, 61
. 
 
Chapter 3.4.2.: Mechanism of Intergranular Corrosion 
 
Prior to IGC developing along the grain boundaries, several events must occur. First, the 
localized passivation film needs to break. Then, the surface of metal without the protection of the 
passivation film is exposed to an electrolyte layer which furthers dissolution of the unprotected 
surface metal. As corrosion progresses, changes in electrolyte composition and penetration rate 
occur. Eventually, the IGC rate may decrease significantly at some point of penetration into the 
material
62
.  
Chapter 3.5: Stress Corrosion Cracking 
 
Chapter 3.5.1: Description of Stress Corrosion Cracking 
 
The formation of β phase precipitates along grain boundaries is the main cause for the 
susceptibility of AA5xxx series alloys to intergranular stress corrosion cracking (IGSCC) 
7, 26, 57, 
63-70
. Elevated temperatures, extended ageing time, deformation, and increases in magnesium 
composition, can further the precipitation process and influence the susceptibility of the alloy to 
SCC
5
.  Examples of stress corrosion cracking are shown in Figures 13 and 14.  
 
24 
 
 
 
Figure 13: Stress Corrosion Cracking (SCC) in AA5456-H116 Direct Weather Exposed Deck-Plate71 
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Figure 14: Stress Corrosion Cracking (SCC) in AA5456-H116 Interior Structure71 
 
 
For SCC to occur, three conditions must be met: a susceptible material, a corrosive 
environment, and a tensile stress
72
. Figure 15 illustrates the mutual dependence of these factors; if 
any of the conditions are unsatisfied, SCC will not take place.  
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Figure 15: Venn Diagram showing mutual significance of Sensitization, Tensile Stress, and Corrosive 
Environment on SCC72 
 
 
 When AA5456 is sensitized such that the β phase precipitates continuously cover the 
grain boundaries, the material becomes susceptible to SCC. As previously stated, the β phase is 
anodic to the matrix and more electrochemically active, thus increasing its susceptibility to 
corrosion
73
. Furthermore, seawater is extremely corrosive. Studies have reported that material 
exposure to alternating environments such as between wet and dry is harsher than exposure to just 
a wet environment alone
74
. In regard to the presence of a tensile stress, stresses can either be 
applied or residual. Applied stresses may be due to ship movement, machinery vibration, or 
payload, whereas residual stresses are the result of welds, bolts, or rivets
72
.    
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Chapter 3.5.2: Mechanism of Stress Corrosion Cracking 
 
There are two main theories to describe the mechanism of crack propagation: anodic 
dissolution of β phase precipitates and hydrogen induced embrittlement26, 39, 75-82.  The premise of 
the anodic dissolution mechanism is that a growth in current flow arises at the crack tip since the 
newly exposed metal is more anodic to the contiguous metal; corrosion proceeds till the 
reformation of a protective film
5
. In AA5xxx series alloys, this is the anodic dissolution of β 
phase precipitates along the grain boundaries. Figure 16 illustrates possible crack-tip/particle 
interactions for electrochemically active particles
69
. 
 
 
Figure 16: Possible crack-tip/particle interactions for electrochemically active particles69 
 
 
It is well accepted that hydrogen embrittlement is a dominant SCC mechanism in 
aluminum-based alloys
75, 77, 78, 80, 82
. The basis of the hydrogen embrittlement mechanism is the 
postulation that crack propagation arises with corresponding embrittlement as hydrogen enters 
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into the metal
5
. Absorption of hydrogen by the metal may lead to film-induced cleavage, 
intergranular separation or highly localized plastic fracture
83
. In the process of SCC, dissolution 
of hydrogen ions plays a significant role. Hydrogen formation in water is promoted by the 
electrons created from anodic dissolution. Hydrogen discharge and absorption is also supported 
by the cation-hydrolysis-induced acidification
75
. 
In conclusion, determining the IGC susceptibility of the material is essential in predicting 
and preemptively remediating crack propagation prior to failure, thus, preserving the structural 
integrity of the existing naval vessel.  
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Chapter 4: Motivation and Specific Goals 
 
In newly constructed aluminum-magnesium alloy ships, cracking has been observed due 
to sensitization. It is well-documented that alloys with a 3.5 wt. % to 5 wt. % magnesium content 
become susceptible to the formation of a magnesium-rich β intermetallic phase at grain 
boundaries
7
. When exposed to elevated temperatures for prolonged periods of time and operating 
under a corrosive environment such as sea water, the material becomes sensitized to intergranular 
corrosion and stress corrosion cracking. Sensitization occurs when magnesium precipitates out of 
the matrix material at the grain boundaries, forming a precipitate that is susceptible to corrosion. 
As a result, the dependability of the vessel is weakened, as it is prone to premature failure in hulls 
and superstructures. The corrosion of aluminum magnesium alloys is costing the United States 
Navy 66 million USD in annual repairs
84
. As a result, there has been resurgence in research 
regarding alloy development, with the primary goal as greater understanding of the formation of β 
phase precipitates in aluminum magnesium alloys. 
Of particular interest in the alloy precipitation behavior is greater understanding of the 
formation and characterization of constituent phases, 𝛽′ and 𝛽. It is not fully understood which 
phase is most susceptible in in-service material. To create a clear delineation between the two 
precipitates and to provide further characterization, nanoindentation and electrochemical etching 
studies were performed on samples that underwent different sensitization treatments. These 
mesoscale techniques may allow for the identification of key phases in sensitized alloys, and thus 
provide a less invasive means of investigating stress-corrosion cracking and further enable 
research into its prevention. 
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Chapter 5: Experimental Justification 
 
 Two primary characterization methods were used in this research, nanoindentation and 
etching.  The purpose of this section is to justify and explain the basis for the use of these types of 
characterization in this study.  Nanoindentation was used to attempt to mechanically differentiate 
between β' phase and β phase precipitates, while etching studies were used for chemical 
differentiation.  
Chapter 5.1: Nanoindentation 
 
Since its creation in the mid-1970s, nanoindentation has become one of the most 
commonly used means of testing the mechanical properties of small volumes of material.  During 
a typical nanoindentation test, a hard tip of material with known mechanical properties is pressed 
into a sample with unknown properties. The force applied on the indenter tip increases as the tip 
penetrates further into the sample till it reaches a user-defined value, at which point, the load is 
either held constant for a set period of time or removed.  Load and depth of penetration can be 
measured as nanoindentation occurs and the response is seen in a load-displacement curve as 
depicted in Figure 17.  
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Figure 17: Example of a load-displacement curve from a nanoindentation experiment85 
 
 
 
 Fitting appropriate models to the load-displacement curve allows for material properties 
such as hardness, elastic modulus, and stress relaxation to be determined at the nanoscale level
86
.  
Although nanoindentation studies have been performed on multiple materials, only few studies 
have been done on nanoindentation of AA5xxx series alloys, particularly of AA5456. 
Nanoindentation is a relatively new approach to differentiating between constituent β phases and 
literature data on the mechanical properties of these phases is scarce. Achanta et al. studied the 
mechanical and tribiological behavior of Al3Mg2 in complex metallic alloys as bulk material and 
as coating. Taking into account pileup, for the bulk Al3Mg2 a nanohardness of 2.78±0.35 GPa and 
Young’s modulus was 52.06±4.56 GPa was obtained87.  For this study, the mechanical properties 
of β' and β via elastic modulus and hardness were investigated and compared to a pure beta ingot 
sample. 
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Chapter 5.2: Etching Studies 
 
To detect sensitization in AA5xxx series alloys via selective attack of the β' phase or β 
phase precipitates, etchants such as 40 vol. % phosphoric acid and ammonium persulfate were 
used .  ASTM B928 specifies a qualitative assessment of sensitization for polished aluminum 
magnesium alloys in 40 vol. % phosphoric acid at 35
o
C for 3 minutes
14, 88
.  The main advantage 
of performing etching studies via the ASTM B928 etchant is that the process is less time-
consuming and destructive than ASTM G67, the standard evaluation of IGC susceptibility. Yang 
and Allen developed a new etching solution, ammonium persulfate dissolved in water, which 
allowed for the first use of scanning electron microscopy to visualize β phase precipitates89. Aside 
from its unique ability to reveal microstructural features while preserving integrity, the etchant is 
easy to use and relatively safe 
89
.   
Following etching, the degree of sensitization relates to the extensiveness of the β-phase 
precipitate network via observation of grain boundary continuity through metallographic 
examination. The objective of the etching studies was to determine if an etchant can be used to 
differentiate between β′ phase and β phase precipitates. 
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Chapter 6: Experimental Techniques 
 
 There are two primary characterization methods used in this research, dual beam 
scanning electron microscopy/focused ion beam and transmission electron microscopy.  The 
purpose of this section is to justify and explain the basis for the use of these types of 
characterization in this study.  Focused ion beam is the primary sample preparation tool, while 
transmission electron microscopy is the primary analyzing tool.  Understanding the science 
behind both of these techniques is vital to properly analyzing the results obtained by them. 
Chapter 6.1: Sample Preparation 
 
Samples used in this study were from an AA5456-H116 recrystallized plate acquired 
from Carderock Naval Surface Warfare Center. From the bulk material, samples with dimensions 
of 10mm x 20mm x 20mm were cut. Samples underwent various thermal processing conditions to 
influence the type of precipitates grown, with low temperature conditions favoring the growth of 
the metastable β' phase and high temperature conditions promoting the growth of equilibrium β 
phase. Table 4 lists the sample sensitization conditions. Aside from the three sample types listed 
in the table, a pure beta ingot obtained from Monash University was used a basis of comparison 
in nanoindentation studies.  
 
Table 4: Sensitization conditions for samples 
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Following sensitization, samples were ground using 240, 400, 600, 800, and 1200 grit 
silicon carbide sandpaper. Afterwards, Tridents clothes with a 3 µm diamond polishing 
suspension and 1 µm diamond polishing suspension were used respectively. The final polishing 
step involved the use of a vibropolisher with a 0.04 µm colloidal silica solution on the microcloth 
for two hours.  The purpose of grinding and polishing was to remove surface flaws and create a 
polished surface with mirror finish for nanoindentation and etching studies. For nanoindentation, 
unevenness in the sample surface affects hardness and elastic modulus values. Furthermore, an 
uneven sample surface may damage the Berkovich tip.  With regards to etching, a polished 
surface helps ease the identification of crack initiation and propagation. Finally, a polished 
surface is needed for characterization by EBSD.  
Chapter 6.2: Main Techniques 
 
Aforementioned, the main characterization methods used in this research were 
nanoindentation and etching.   
Chapter 6.2.1: Nanoindentation 
 
After obtaining the grain size via electron back scatter diffraction (EBSD), each sample 
was divided into 10 random regions noted by the placement of fiducial marks from a Vickers 
micro hardness tester as seen in Figure 18. The reference line was placed on the sample to ensure 
the same alignment in both nanoindentation and EBSD. 
 
35 
 
 
Figure 18: Sample Schematic showing layout of 10 Random Regions 
 
 
Using a Nanoindenter XP with CSM and Berkovich tip, each region received 100 
nanoindents with a 20 µm distance between indents. The 20 µm spacing ensured that indents 
covered multiple grains and did not overlap; therefore the hardness and elastic modulus values 
reported are averaged over an area rather than a single grain.  Nanoindents were placed in the 
formation of a 10x10 grid as shown in Figure 19. After the first 10 indents are made in a row, the 
11th indent is placed directly above the 10th indent, starting a new row of 10 indents. The 
indenter continues to “snake” around until 100 indents are made in the formation of a 10 x 10 grid. 
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Figure 19: Schematic showing the formation of a 10 x 10 grid of nanoindents 
 
 
The nanoindents from each region were compared to nanoindents from a pure beta ingot 
via elastic modulus and hardness. Nanoindents with either an elastic modulus or hardness value 
similar to values obtained from the pure beta ingot were further analyzed under EBSD to 
determine whether the nanoindenter made impact with a precipitate. 
Chapter 6.2.2: Etching Studies 
 
In this study, two etchants have been investigated for differentiating between the 
constituent β phase precipitates: 40 vol. % phosphoric acid and ammonium persulfate. The 
ASTM B928 etchant was prepared by mixing 40 vol./vol. % of reagent grade 85 wt. % 
phosphoric acid with 60 vol./vol.% ultrapure water. The ammonium persulfate etching solution 
was prepared in a similar manner to that conducted by Yang and Allen with 10 grams of reagent 
grade 98 wt. % ammonium persulfate being dissolved in 100 mL of ultrapure water at room 
temperature
89
.  Afterwards, the etching solution was heated to 35
o
C.  Etching conditions were 
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35
o
C for 3 minutes for both etchants. The etching technique employed was immersion; immersion 
was selected over swabbing to have a more uniform etch. For both etchants, samples were 
immersed with the polished side faced down for the given etching conditions.  
Chapter 6.3: Additional Techniques 
 
Other characterization techniques that were employed in this research include electron 
back scatter diffraction (EBSD) and energy dispersive X-ray spectroscopy (EDS). 
Chapter 6.3.2: Scanning Electron Microscopy and Electron Backscatter Diffraction 
 
Scanning electron microscopy (SEM) is a useful tool for topographical and 
microstructural investigation of a material. Figure 20 illustrates the high tension system for 
generating an electron beam in SEM. 
 
 
Figure 20: Scanning Electron Microscopy (SEM) Schematic90 
38 
 
Located at the top of the column is an electron gun that generates an electron beam. The 
vacuum system within the chamber allows for electrons to reach the sample without losing energy.  
As the beam arrives at the sample, several types of electrons are emitted and then detected, and 
converted to signals. Multiple signals can be detected including secondary electrons (SE), 
backscattered electrons (BSE), X-rays (EDS), electron-beam-induced current (EBIC), and 
cathodoluminescence (CL).  
Accelerated electrons from the electron beam are also diffracted by atomic layers in 
crystalline materials. These diffracted electrons can be detected when they make impact with a 
phosphor screen and generate visible lines known as Kikuchi bands. After setting a working 
distance, the EBSD detector is inserted within close proximity to the sample to begin collecting 
the Kikuchi patterns. Figure 21 illustrates the general experimental setup for EBSD.  
 
 
Figure 21: Schematic of EBSD setup90 
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As projections of the geometry of the lattice planes in a crystal, Kikuchi bands provide 
direct information regarding crystalline structure and crystallographic orientation of the grain 
from which they originated. Software for processing the Kikuchi patterns and indexing the lines 
are used in conjunction with a data base containing crystallographic structure information for 
phases of interest, as a result the identity, orientations, and spatial relations between numerous 
grains can be determined.  
In this study, a FEI XL30 environmental scanning electron microscope (ESEM) operating 
with electron back scattered diffraction (EBSD) was used for microscopic examination in both 
nanoindentation and etching studies. For EBSD, the microscope was operated at 30 kV with the 
sample tilted at 70
o
 to the horizontal.  Prior to mechanical characterization via nanoindentation, 
EBSD was used to determine grain size within each sample.  Following nanoindentation, EBSD 
was conducted to ensure that indents had crossed multiple grains; therefore, hardness and elastic 
modulus values were reported over an area and not within a single grain. EBSD was conducted 
before and after etching studies to note any visible differences in the sample surface.  However, 
the BSE detector of the ESEM and optical microscopy proved to be more useful in determining 
whether a sample displayed any visible signs of etching.  In order to determine whether the 
etchant had etched metastable or equilibrium β phase precipitates, EDS using a microscope with 
higher magnification and better resolution was needed.  
Chapter 6.3.3: Transmission Electron Microscopy 
 
By combining high spatial and analytical resolution, transmission electron microscopy 
(TEM) allows for a better understanding of the atomic structure, crystal orientation or chemical 
structure of a material. In TEM, a beam of electrons is transmitted through a thin sample and the 
transmitted electrons are detected by a sensor such as a CCD camera or focused onto an imaging 
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device like a fluorescent screen on a layer of photographic film.  The ability of the TEM to image 
at a much higher resolution than SEM can be attributed to the small wavelength of electrons 
accelerated at higher voltages, 200 kV in a typical TEM when compared to 1-20 kV in a 
conventional SEM
91
. 
The TEM can be considered as a system consisting of three main components: an 
illumination system, the objective lens, and the magnification system as shown in Figure 22. The 
electron gun and condenser lens comprise the illumination system, which produces the electron 
beam.  Electron-sample interactions lead to the production of different signals, very similarly to 
the SEM.  Bright field and dark field images are created by the constituents of the direct electron 
beam that was transmitted through the sample and some of the diffracted beams, respectively. 
Located closely after the sample, the objective lens produces the diffraction pattern as well as the 
first magnified image of the sample. The final image is produced by the magnification system.  
The microscope is arranged in a columnar design that rests on a control console, responsible for 
operating conditions and sample handling.  
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Figure 22: Schematic of main components of TEM 90 
 
 
In this study, a FEI DB235 Focus Ion Beam (FIB) was used to make lift outs of areas of 
interest, as identified by nanonindentation, and these lift outs were analyzed using scanning-
transmission electron microscopy (STEM) in a JEOL 2100 FEG for possible detection of the β’ 
and β precipitates. The microscope includes an EDS detector as well as an electron energy loss 
spectrometer (EELS) for elemental analysis. 
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Chapter 6.3.4: Energy Dispersive X-ray Spectrometry 
 
An energy dispersive X-ray spectrometer (EDS) uses the X-ray spectrum emitted by a 
sample bombarded with an electron beam to obtain chemical composition at small localized areas 
such as grain boundaries, precipitates, and secondary phase particles. Qualitative analysis is 
relatively simple and involves identification of the lines seen in the spectrum. Element 
distribution images or maps are created by the scanning the electron beam in a television-like 
raster and showing the intensity of a particular X-ray line.  
Both nanoindentation and etching studies involved several EDS maps to determine 
whether the metastable and equilibrium β phases had been distinguished from each other either 
mechanically or chemically.  Indents with a hardness value similar to that of the pure beta ingot 
were lifted out and STEM-EDS was performed to verify whether the tip had made contact with β' 
or β phase.  Following etching, STEM-EDS was performed to determine if the etchant had 
selectively attacked either β' or β phase. 
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Chapter 7: Results and Discussion 
Chapter 7.1 Nanoindentation 
 
Nanoindentation was employed to determine whether constituent β precipitates can be 
differentiated mechanically. Aforementioned, EBSD was used to determine grain size within each 
sample and to ensure that indents had crossed multiple grains. As an example, the microstructure 
of the low temperature anneal sample before and after nanoindentation can be seen in the EBSD 
inverse pole figures (IPF) of Figure 23. From Figure 23 (a), the grain size averaged over the area 
prior to nanoindentation was determined to be approximately 1000 µm
2
. Figure 23 (b) provides 
confirmation that the nanoindents had crossed multiple grains; therefore, elastic modulus and 
hardness values for each region of indents were averaged over the corresponding area and not 
within a single grain. 
 
 
 
   
Figure 23: (a) EBSD inverse pole figure (IPF) map of LTA sample before nanoindentation (b) EBSD inverse 
pole figure (IPF) map of LTA sample after nanoindentation showing indents had crossed multiple grains 
    
 
 
(a) (b) 
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From the nanoindentation software, load-displacement curves as well as elastic modulus 
and hardness plots were obtained for indents. Figures 24, 25, and 26 are examples of these plots 
for a small quantity of indents. 
 
 
 
Figure 24: Example of Load-Displacement Curve for AR Sample 
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Figure 25: Example of Elastic Modulus vs. Depth of Penetration Plot for AR Sample 
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Figure 26: Example of Hardness vs. Depth of Penetration Plot for AR Sample 
 
 
 
Upon completion of 1000 indents for all samples, graphs of elastic modulus and hardness 
were constructed for comparison purposes with the pure beta ingot. Outliers are present in all 
graphs due to the nanoindenter not making proper contact with the sample surface, leading to 
either non-indexed or extreme values in elastic modulus and hardness.  Figure 27 shows the 
elastic modulus values of the 1000 indents on the as-received sample.  
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Figure 27: Elastic Modulus of 1000 indents from As-Received Sample 
 
 
The as-received sample had an average elastic modulus value of 81.95 GPa with a 
standard deviation of 1.06 GPa, noticeably higher than the average elastic modulus of the pure 
beta ingot, 61.59 GPa. Regions containing indents that had similar elastic modulus values to that 
of the pure beta ingot were noted as seen in Figure 28; however, at this point, interest lied in 
investigating regions with indents that had shown a similar hardness value to the pure beta ingot. 
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Figure 28: Elastic Modulus of Regions showing Indents of Interest from AR Sample 
 
 
 
Figure 29 shows the hardness values of the 1000 indents on the as-received sample. 
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Figure 29: Hardness of 1000 indents from AR Sample with Region 6 indent with hardness of 3.469 GPa circled 
in red 
 
 
The as-received sample had an average hardness value of 1.62 GPa with a standard 
deviation of 0.04 GPa, noticeably lower than the average hardness of the pure beta ingot, 3.99 
GPa. Close examination of hardness values reveals that Region 6 showed promise of hitting a 
precipitate based on a hardness value of 3.469 GPa for indent 12, circled in red. Using the ESEM 
BSE detector, it was revealed that the indenter made contact with a white particle as observed in 
Figure 30. The EDS detector was used to confirm that the particle was an intermetallic, likely 
Al6(Fe,Si,Mn,Cr) 
92.  
 
3.469 
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Figure 30: (a) BSE image of Region 6, Indent 12 showing white substrate (b) EDS of substrate confirming 
intermetallic as Al6(Fe,Si,Mn,Cr) 
 
 
 
The low temperature anneal sample had an average elastic modulus value of 82.73 GPa 
with a standard deviation of 1.38 GPa and an average hardness value of 1.57 GPa with a standard 
deviation of 0.06 GPa as shown in Figures 31 and 32 respectively.  
 
Al
6
[Fe,Si,Mn,C
r]
(a) (b) 
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Figure 31: Elastic Modulus of 1000 indents from LTA Sample 
 
 
 
 
Figure 32: Hardness of 1000 indents from LTA Sample 
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Despite an increase in average elastic modulus and hardness values, the trends that were 
previously noted in comparison with the pure beta ingot remain. Based on two indents having 
elastic modulus values of 62.752 GPa and 63.839 GPa, relatively close to the values obtained by 
the pure beta ingot, Region 2 showed promise of hitting precipitates as seen in Figure 33.  
 
 
 
 
Figure 33: Elastic Modulus of Regions showing Indents of Interest from LTA Sample 
 
 
 
Using the ESEM BSE detector, it was revealed that the indenter made contact with a 
black intermetallic as observed in Figure 34 (a). Figures 34 (b) and (c) illustrate EDS 
confirmation of the substrate being identified as Mg2Si 
92. This intermetallic was also seen in the 
Region 4 indent of interest. 
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The indent with an elastic modulus value of 62.752 GPa appeared to show no 
intermetallic; due to the closeness of elastic modulus values, the indenter potentially indented the 
β’ precipitate. A FIB lift out of the indent was made and was analyzed using scanning-
transmission electron microscopy (STEM) in a JEOL 2100 FEG for possible detection of the β’ 
precipitate. STEM-EDS analysis of the lift out, Figure 35, revealed the previously seen white 
intermetallic, Al6(Fe,Si,Mn,Cr), beneath the surface.  
 
Figure 34: (a) BSE image of indent showing black substrate in LTA sample (b) and (c) EDS confirmation of Mg2Si 
Mg Si 
(c) (b) (a) 
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Figure 35: Annular Dark-field STEM image of the area beneath the indent and EDS analysis of lift out 
confirming observation of Al6(Fe,Si,Mn,Cr) in LTA sample 
 
 
 
Regions showing indents with a hardness value similar to the pure beta ingot, as shown in 
Figure 36, were also investigated.  
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Figure 36: Hardness of Regions showing Indents of Interest from LTA Sample 
 
 
Using the ESEM BSE detector, it was revealed that the indenter made contact with the 
white intermetallic, Al6(Fe,Si,Mn,Cr). The Region 3 indent is shown in Figure 37 (a), and the 
Region 5 indent is shown in Figure 37 (b).  
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The high temperature anneal sample had an average elastic modulus value of 80.76 GPa 
with a standard deviation of 1.89 GPa and an average hardness value of 1.51 GPa with a standard 
deviation of 0.08 GPa as displayed in Figures 38 and 39. Despite having lower averages in elastic 
modulus and hardness values than the low temperature anneal sample, the trends that were 
previously noted in comparison with the pure beta ingot remain. 
Figure 37: BSE images of Al6(Fe,Si,Mn,Cr) on indents LTA  sample with similar hardness values to pure beta 
ingot 
(a) (b) 
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Figure 38: Elastic Modulus of 1000 Indents from HTA Sample 
 
 
 
 
Figure 39: Hardness of 1000 Indents from HTA Sample 
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Regions containing indents that had similar elastic modulus values to that of the pure beta 
ingot are seen in Figure 40. 
 
 
 
Figure 40: Elastic Modulus of Regions showing Indents of Interest from HTA Sample 
 
 
 
Figure 41 (a), (b), and (c) display the three indents with elastic modulus values similar to 
the average elastic modulus value of the pure beta ingot, which show that the indenter made 
contact with the black intermetallic, Mg2Si. A FIB lift out of the indent pictured in Figure 41 (c) 
revealed the intermetallic along the side of the indent, as shown in Figure 41 (d). 
(a) (b) 
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Figure 41: (a) – (c) BSE images of indents containing Mg2Si in HTA sample (d) FIB lift out of indent pictured in 
(c) confirming presence of Mg2Si 
  
 
 
Regions containing indents that had similar hardness values to that of the pure beta ingot 
are seen in Figure 42. 
(c) (d) 
Mg
2
Si 
Mg
2
Si 
Mg
2
Si 
Mg
2
Si 
(a) (b) 
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Figure 42: Hardness of Regions showing Indents of Interest from HTA Sample 
 
 
 
The two hardness values that were similar to the pure beta ingot hardness value revealed 
that the indenter made contact with Al6(Fe,Si,Mn,Cr) as seen in Figure 43 (a) and (b).  
 
 
        
Figure 43: (a) and (b) BSE images of indents containing Al6(Fe,Si,Mn,Cr) in HTA sample 
Al
6
[Fe,Si,Mn,Cr
]
Al
6
[Fe,Si,Mn,Cr
] 
(a) (b) 
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In summary, with the as-received, low temperature anneal and high temperature anneal 
samples, the β precipitates were not detected, however, intermetallics within the AA5xxx series 
alloys were able to be identified. Continued nanoindentation studies will allow for validation of 
the average elastic modulus and hardness values that were presented in this study. Given that the 
area of the β precipitates is 500 nm2 or smaller, the width of the Berkovich tip, 100 nm, is too 
large for detection of these precipitates. To detect the β precipitates, a transition from 
nanoindentation to picoindentation may be favorable, as a smaller width tip may lead to greater 
detection of the small precipitates. Therefore, nanoindentation may not be the best method for 
differentiation between β precipitates.  
 
Chapter 7.2: Etching Studies 
 
Since mechanical differentiation via nanoindentation was inconclusive, chemical 
differentiation between the constituent β precipitates via etching studies was investigated. 
Aforementioned, EBSD was used to note any visible differences in the sample surface due to 
etching. Figure 44 shows the EBSD images before and after phosphoric acid etching. The purpose 
of the before etching EBSD image was to ensure a good polish on the sample surface, while the 
after etching EBSD image ensured the surface was not destroyed.   
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Figure 44: Phosphoric Acid Etching - A) EBSD of AR Sample Prior to Etching B) EBSD of LTA Sample Prior to 
Etching  C) EBSD of HTA Sample Prior to Etching D) EBSD of AR Sample After Etching  E) EBSD of LTA 
Sample After Etching F) EBSD of HTA Sample After Etching 
   
To determine whether unindexed points in the EBSD scan were β precipitates, samples 
were scanned again with the TSL software including aluminum and aluminum magnesium phase 
inputs. The aluminum magnesium phase input was quite complex, indexing a variety of planes, 
which ultimately resulted in issues with the software. The software failed to differentiate between 
the aluminum and aluminum magnesium inputs, indexing all points as aluminum magnesium. In 
order to complete a scan at 200x magnification, the same magnification for the images shown in 
C B A 
F E  D 
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Figure 44, the estimated scan time was over 50 hours. In an attempt to better detect β phase and to 
reduce the scan time to an hour, the time normally needed to complete a scan, the magnification 
was increased. In conclusion, it was confirmed by EBSD analysis as shown in Figure 45 that the 
aluminum magnesium input should not be used. No valuable data could be obtained from the 
inverse pole figure (IPF) or confidence index (CI) maps when the aluminum magnesium input 
was included. 
 
 
Figure 45: A) HTA SEM Image B) HTA IPF Map with just Al input C) HTA IPF Map with Al and Al2Mg3 
input D) HTA CI Map with Al and Al2Mg3 input 
 
With the aluminum magnesium input on the TSL software not functioning properly, a 
new approach to verifying whether β' and β phase have been etched will need to be taken.  
64 
 
Immediately following phosphoric acid etching, samples were placed under an optical 
microscope to observe the effects of etching. Experiments were conducted twice and similar 
results to those shown in Figure 46 were achieved. The AR and HTA samples were unetched 
whereas the LTA sample showed noticeable signs of etching. 
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Figure 46: Images from lift out station of AR, LTA, and HTA samples following phosphoric acid etching at 35oC 
for 3 minutes 
 
The images in Figure 47 were taken at a higher magnification to confirm this observation. 
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Figure 47: Higher magnification images of AR, LTA, and HTA samples following phosphoric acid etching at 
35oC for 3 minutes 
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Previous studies state that the etching seen in the LTA sample is revealing the continuity 
of β phase precipitation at the grain boundaries.  Burokas et al. offer a possible phosphoric acid 
etching mechanism in Figure 48 
93
.  
 
 
Figure 48: Possible Phosphoric Acid Etching Mechanism93 
 
Although Burokas et al. present a possible mechanism regarding phosphoric acid etching, 
no explanation is provided regarding the phenomena occurring at a microstructural level. From 
Figures 46 and 47, it seems like the etchant may be selectively attacking β’ present at the grain 
boundaries in the LTA sample.  
In order to address these questions and develop a better understanding regarding the 
etching mechanism in the LTA sample, more thorough EBSD grain analysis was conducted. 
From the analysis, it was determined that only the high angle grain boundaries (HAGBs) were 
being etched in the LTA sample as shown in Figure 49. Darker regions in the SEM image can be 
attributed to carbon contamination due to an earlier EBSD scan.  
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Figure 49: A) Etched LTA SEM Image B) LAGB & HAGB C) HAGB only D) LAGB only 
 
To gain a better understanding of the phenomena occurring at the HAGB, a FIB lift out 
of a LTA HAGB was made and analyzed under STEM-EDS as shown in Figure 50.  
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Figure 50: STEM-EDS of LTA sample HAGB 
 
From STEM-EDS at 200 kV, magnesium depletion and gallium enrichment are seen 
along the grain boundary. Gallium is not an element present in this alloy, although it is the exact 
element used as the ion in FIB. Gallium segregation to the grain boundaries from FIB has been 
observed in literature
94
. It is not entirely clear whether or not the gallium replaces magnesium or 
does not affect magnesium. It is possible that the gallium may replace the magnesium at the grain 
boundary since it is unlikely to observe magnesium depletion at a grain boundary in a LTA 
sample. However, it is more likely that this entire grain boundary was coated with β’and the 
gallium from the FIB interacted with the metastable phase, leading to the odd chemical 
morphology seen in the LTA samples. Although intermetallics are located along the grain 
boundary, particularly Al6(Fe,Si,Mn,Cr), no β phase precipitates were seen along the boundary, 
indicating that the precipitates may have been etched away. For comparison purposes and in an 
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attempt to address why the HAGBs in the AR and HTA samples were not etching, EBSD grain 
analysis was conducted on the HTA sample, followed by STEM-EDS of a HTA HAGB.  
Interestingly enough, since no visible signs of etching were observed on the HTA sample, 
EBSD grain analysis was necessary in finding a HAGB to lift out as shown in Figure 51.  
 
 
Figure 51: A) LAGB and HAGB in HTA sample B) HAGB only in HTA sample with red box showing area lifted 
out C) FIB liftout region within the red box shown in (B) 
 
As shown in Figure 52, STEM-EDS at 200 kV of the HTA HAGB display β precipitates 
located along the grain boundary. Like the LTA sample, it is very interesting that gallium from 
(A) 
(C) 
(B) 
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the FIB segregating to the grain boundary is observed, but unlike the LTA sample, β 
precipitations can be seen on the grain boundary. This raises the question as to whether or not 
β’and β react differently to gallium; this is an open question and can be the subject of future 
work.  
 
 
Figure 52: STEM-EDS of HTA sample HAGB 
 
 
In Figure 53, an EDS Quant. map of Spectrum 22 shown in Figure 52, quantifies the 
elements seen in the precipitate via weight percent. The quant. map provides further confirmation 
of magnesium enrichment within the precipitates.  
72 
 
 
Figure 53: EDS Quant. Map showing enrichment of magnesium at HTA HAGB circled in red 
 
 
To summarize, for the LTA sample, the HAGB etched but there were no β precipitates 
along the boundary, though this could have been due to the gallium from the FIB. On the other 
hand, for the HTA sample, the HAGB was unetched but β precipitates were seen along the 
boundary. This result differs from the opinion of Yang and Allen, which states that the 
phosphoric acid etchant is leaving behind etched lines or spots, rather than etching β phase 
precipitates
89
. For comparison purposes and to directly visualize β precipitates under SEM, a new 
etchant designed by Yang and Allen, ammonium persulfate dissolved in water, was tested in a 
similar manner to the phosphoric acid etchant. As previously stated, the ammonium persulfate 
etchant was created in the same manner employed by Yang and Allen, then heated to the etching 
temperature of 35
o
C. Similar to phosphoric acid etching, EBSD used to note any visible 
(B) (C) 
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differences in the sample surface due to etching. Figure 54 shows the EBSD images before and 
after ammonium persulfate etching. 
 
Figure 54: Ammonium Persulfate Etching - A) EBSD of AR Sample Prior to Etching B) EBSD of LTA Sample 
Prior to Etching  C) EBSD of HTA Sample Prior to Etching D) EBSD of AR Sample After Etching  E) EBSD of 
LTA Sample After Etching F) EBSD of HTA Sample After Etching 
 
Immediately following ammonium persulfate etching, samples were placed under an 
optical microscope to observe the effects of etching. As seen in Figure 55, there were no visible 
signs of etched grain boundaries or precipitates.  
(A) 
(D) 
(C) (B) 
(F) (E) 
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Figure 55: Images from lift out station of AR, LTA, and HTA samples after ammonium persulfate etching at 
35oC for 3 minutes 
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To confirm that neither the grain boundaries nor precipitates etched, samples were 
viewed under the ESEM BSE detector as shown in Figure 56. Pitting of intermetallics was 
observed, but there was no direct visualization of β precipitates.  
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Figure 56: BSE images of AR, LTA, and HTA samples after ammonium persulfate etching 
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It is quite interesting that the ammonium persulfate is not showing any visible signs of 
etching, since this etchant is stronger than the phosphoric acid etchant that was used. 
Furthermore, Yang and Allen promote their new etching solution of ammonium persulfate 
dissolved in water on that fact that it allows for direct visualization of β phase as evidenced by 
Figure 57. Yang and Allen conducted their study on an artificially sensitized Al-10% Mg that was 
etched for 3 minutes. The sensitization conditions were 150
o
C for 88.5 hours.   
 
Figure 57: A) Optical micrograph of β precipitation in artificially sensitized Al-10% Mg B) Higher 
magnification image of boxed area in (A) 89 
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However, it is important to note that Yang and Allen do not distinguish between the 
metastable and equilibrium β phases in this paper. Furthermore, the detailed chemical reactions 
between the etchant and samples were beyond the scope of their paper. Given the difference in 
results, further work is needed with the ammonium persulfate etchant.  
In conclusion, preliminary etching studies with phosphoric acid and ammonium 
persulfate yielded interesting results. As previously mentioned, with the LTA sample, the HAGB 
etched but there were no β precipitates located along the boundary, possibly due to gallium from 
FIB. On the other hand, for the HTA sample, the HAGB was unetched but β precipitates were 
seen along the boundary. A common belief is that etching with ammonium persulfate in dissolved 
water allows for direct visualization of the β precipitates under SEM, which was not the case in 
this study. After ammonium persulfate etching, both grain boundaries and precipitates remained 
unetched; there was no direct visualization under SEM. Due to the difference in results with those 
previously stated in literature, these etchants warrant further study.  
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Chapter 8: Conclusion  
 
Aluminum ships have become a growing trend in the ship design industry primarily due 
to weight savings, which allow for lighter ships with increased mobility and fuel efficiency. In 
particular, the AA5xxx series alloys are known for their good welding characteristics, high 
strength, and excellent corrosion resistance making them a suitable material for naval vessels. 
Generally, aluminum shows good corrosion resistance in marine environments because of the 
formation of an aluminum oxide thin film on the material surface. However, in AA5xxx series 
alloys which contain a supersaturated amount of magnesium, sensitization occurs, resulting in the 
formation of the β' and β phase, which are susceptible to corrosion. As a result, the dependability 
of the vessel is weakened, as it is prone to premature failure.  
Therefore, there is an increased interest in understanding the formation and 
characterization of constituent phases, β' and β. It is not fully understood which phase is most 
susceptible in in-service material. To create a clear delineation between the two precipitates and 
to provide further characterization, nanoindentation and electrochemical etching studies were 
performed on samples that underwent different sensitization treatments. These mesoscale 
techniques allow for the identification of key phases in sensitized alloys, thus providing a less 
invasive means of stress-corrosion cracking prevention. 
Nanoindentation studies did not detect the β precipitates; however, intermetallics within 
the AA5xxx series alloys were able to be identified. Continued nanoindentation studies will allow 
for validation of the average elastic modulus and hardness values that were presented in this study 
for the three sample types. Given that the area of the β precipitates is 500 nm2 or smaller, the 
width of the Berkovich tip, 100 nm, was too large for detection of these precipitates. Therefore, 
nanoindentation is not the best method for differentiation between β precipitates.  
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Preliminary etching studies with phosphoric acid and ammonium persulfate yielded 
interesting results. In the LTA sample, the HAGB etched but there were no β precipitates located 
along the boundary, possibly due to gallium from FIB or the precipitates may have been etched 
away. In the HTA sample, the HAGB was unetched but β precipitates were seen along the 
boundary. In an attempt to directly visualize and differentiate between β precipitates under SEM, 
samples were etched with ammonium persulfate in dissolved water. However, grain boundaries 
and precipitates remained unetched, resulting in no direct visualization under SEM. Due to the 
contradiction of these results with literature, these etchants warrant further study. 
In conclusion, neither nanoindentation nor etching studies created a clear delineation 
between the two β precipitates. Yet, etching studies did show interesting results that with 
continued work may lead to further characterization and understanding of these precipitates.  
 
 
81 
 
Chapter 9: Future Work 
 
Although nanoindentation and etching studies were not successful in differentiating 
between the two β precipitates, with continued work the possibility of delineating between these 
precipitates via mechanical or chemical characterization exists.  
The Berkovich tip used in the nanoindentation study was too wide to detect any β 
precipitates. To detect the β precipitates, a transition from nanoindentation to picoindentation 
may be favorable, as a smaller width tip may lead to greater detection of the small precipitates. 
However, a large number of indents would still be needed as there is no guarantee of hitting the 
precipitates; it is possible for the indenter to still make contact with intermetallics. Furthermore, 
with a smaller tip, measurements need to be taken to ensure that indents are made across multiple 
grains as opposed to within a single grain.  
Etching studies held constant etching conditions of temperature and time, 35
o
C for 3 
minutes.  By monitoring changes in etching temperature, etching time, and the concentration of 
etchants, it is possible to gain a better understanding and possibly determine the etching 
mechanisms associated with phosphoric acid and ammonium persulfate.  
Advancements in understanding the formation and characterization of metastable and 
equilibrium β phases provide less invasive means of stress-corrosion cracking prevention and 
ultimately may lead to the production of aluminum alloy naval vessels with improved corrosion 
resistance.  
From literature and the results shown in the etching studies, TEM samples made from 
aluminum alloys tend to shown gallium enrichment at the grain boundaries. Since β precipitates 
tend to from on the grain boundaries, in retrospect, using FIB to do site specific analysis of β in 
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Al-Mg alloys is a poor choice. An interesting future experiment would be to take a bulk LTA 
sample, perform etching as described in the previous sections, and then make a traditional 3 mm 
TEM sample from it. Since the phosphoric acid etch shows nearly uniform etching at the grain 
boundaries, it is likely that β will be present at nearly every grain boundary. This will allow for 
conclusive confirmation that the etchant is selectively attacking β’ and not β. This could be 
coupled with some future work in attempting to develop an etchant selective to β, which could 
similarly be confirmed via TEM analysis. Essentially, this allows for a sample to be polished, 
etched to look for β’and then repolished and etched to look for β using only optical microscopy; 
this is an incredibly inexpensive way to check for sensitization compared to more sophisticated 
microscopic techniques. 
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